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Ultrastructural immunocytochemistry shows impairment of RNA pathways in skeletal
muscle nuclei of old mice: A link to sarcopenia?
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During aging, skeletal muscle is affected by sarcopenia, a progressive decline in muscle mass, strength and
endurance that leads to loss of function and disability. Cell nucleus dysfunction is a possible factor contributing
to sarcopenia because aging-associated alterations in mRNA and rRNA transcription/maturation machinery
have been shown in several cell types including muscle cells. In this study, the distribution and density of key
molecular factors involved in RNA pathways namely, nuclear actin (a motor protein and regulator of RNA tran-
scription), 5-methyl cytosine (an epigenetic regulator of gene transcription), and ribonuclease A (an RNA
degrading enzyme) were compared in different nuclear compartments of late adult and old mice myonuclei by
means of ultrastructural immunocytochemistry. In all nuclear compartments, an age-related decrease of nuclear
actin suggested altered chromatin structuring and impaired nucleus-to-cytoplasm transport of both mRNA and
ribosomal subunits, while a decrease of 5-methyl cytosine and ribonuclease A in the nucleoli of old mice indi-
cated an age-dependent loss of rRNA genes. These findings provide novel experimental evidence that, in the
aging skeletal muscle, nuclear RNA pathways undergo impairment, likely hindering protein synthesis and con-
tributing to the onset and progression of sarcopenia.
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Introduction

Aging severely affects skeletal muscle with a progressive
decline in muscle mass and a parallel decrease in strength and
endurance. This condition, known as sarcopenia, leads to frailty,
functional loss and disability with significant socioeconomic con-
sequences.! A single pathogenic cause for sarcopenia has not yet
been settled in. Several contributing factors to sarcopenia have
been proposed e.g., impairment of proteolytic and autophagic path-
ways,” loss of satellite cells,” mitochondrial dysfunction,* chro-
matin dysregulation,” rDNA genome instability,’ and depletion of
myonuclei.”

Skeletal muscle is a highly plastic tissue and understanding the
regulatory mechanisms that underlie the sarcopenic drive is indeed
essential to develop interventional strategies. In particular, protein
homeostasis is progressively lost in skeletal muscle during aging,®
likely contributing to muscle loss and dysfunction.” A balanced
protein metabolism in the skeletal muscle tissue can be operated by
the regulation of both gene expression and protein degradation, as
well as the control of mRNA stability and translation rate.'®
Functional alterations of the mRNA-processing machinery are
responsible for several age-related diseases (reviewed in'') thereby
supporting the concept that aging-associated alterations of the gene
expression pathways are not necessarily and exclusively related to
genomic mutations but may be also associated with impairments in
the transcription and/or splicing of pre-mRNAs.

The processing and maturation of mRNA to be exported to the
cytoplasm imply several modification steps, where many process-
ing factors operate in a chronologically and spatially defined order
and, for the most, co-transcriptionally (reviewed in'?). The
perichromatin fibrils (PFs) are the in situ form of nascent tran-
scripts (reviewed in'?) as well as the splicing,'* and end-processing
products therefrom:!> PFs are ribonucleoprotein structures mor-
phologically recognized at transmission electron microscopy
(TEM) as fine fibrils that mainly locate along the border of con-
densed chromatin.!® The factors involved in mRNA transcription
and maturation are stored, assembled and modified in the inter-
chromatin granules (IGs'?), which occur as clusters in the inter-
chromatin space. The already spliced mRNA is stored in the
perichromatin granules (PGs): these roundish structures locate at
the border of condensed chromatin and act as vectors for the
intranuclear and the nucleus-to-cytoplasm transport of mRNA.!3

Previous studies on different cell types demonstrated that, dur-
ing aging, the structure, regulation and function of mRNA are
affected:' the alterations in the mRNA transcription and matura-
tion machinery are associated with a decrease in RNA polymerase
II and a partial relocation and/or quantitative modification of fac-
tors involved in mRNA processing along with accumulation of PFs
and PGs.""? The pre-ribosome biogenesis and ribosome export to
the cytoplasm are affected by aging as well, as demonstrated by the
reorganization of the nucleolar components,??* the variation in
size of nucleoli,” and the accumulation of alterations of the nucle-
olar structure.?®

Evidence has already been provided of morphological and
functional modifications of myonuclei during aging.”'?’ In the
nuclei of skeletal myofibers as well as in cultured primary
myoblasts?® from aged animals, a smaller size and a significant
increase in condensed chromatin are accompanied by a decrease in
RNA transcription and maturation, as demonstrated by the lower
immunolabelling density of hybrid DNA/RNA, RNA polymerase
1T and splicing factors.?'?* These findings support the concept that
reduced/impaired RNA transcription and processing should be
included among the multiple causes of sarcopenia.’” In myonuclei
of old rodents, the end-processing and nucleus-to-cytoplasm
export of RNAs proved to be also affected, as shown by the accu-
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mulation of PFs, polyadenylated tails (i.e., markers of mature
RNA) and PGs in the interchromatin space,?** as well as increase
and/or redistribution of cleavage factors.?!?"-%

To get a deeper insight into the nuclear pathways involved in
the synthesis, transport and degradation of RNAs in skeletal mus-
cle nuclei during aging, we compared the distribution and relative
amount of nuclear actin, 5-mC and ribonuclease (RNase) A in
myonuclei of rectus femoris muscles from old and late adult mice.
As a motor protein, nuclear actin is a marker of intranuclear motil-
ity while also being a regulator of RNA transcription;*’ the methy-
lated form of the DNA base cytosine, S-methyl cytosine (5-mC) is
an epigenetic regulator of gene transcription’' involved in chro-
matin organization; and RNase A is responsible for the intranuclear
degradation of RNA.32

We used quantitative ultrastructural immunocytochemistry as a
suitable experimental approach to detect and locate in well-defined
nuclear domains these molecular factors that play crucial roles in
nuclear physiology. The differences we observed in the myonuclei
of old (28-months-old) mice vs. their late adult counterpart rein-
force the notion that during aging myonuclei undergo an impair-
ment of RNA pathways, thereby further supporting a myonuclear
involvement in the sarcopenia of aging.

Materials and Methods

Animals and tissue processing

Male BALB/c mice aged 19 months (late adult, n=3) and 28
months (old, n=3) were used in this study. Late adult mice were
selected as an appropriate control to detect the nuclear modifica-
tions that are strictly related to the old age, avoiding the results be
influenced by factors other than age.

The animals were bred under controlled environmental condi-
tions with a 12 h light/dark cycle and fed ad libitum on a standard
commercial chow. The experiment was carried out in accordance
with the National and international legislation, and the experimen-
tal protocol was approved by the Italian Ministry of Health (ref.:
538/2015-PR).

Mice were deeply anaesthetized with pentobarbital (50 mg/Kg
i.p.) and then perfused via the ascending aorta with a brief prewash
with 0.09% NacCl solution followed by 300 mL of a ready-to-use
fixative solution containing 4% buffered formalin in 0.1 M phos-
phate buffer, pH 7.4. The right and left rectus femoris muscles
were quickly removed and further fixed by immersion with 4%
paraformaldehyde and 0.5% glutaraldehyde in 0.1 M phosphate
buffer saline (PBS) pH 7.4 for 2 h at 4°C, incubated in 0.5 M
NH,CI in PBS for 30 min at room temperature to block the free
aldehyde groups, dehydrated with graded ethanol, and embedded
in LRWhite resin.

Ultrastructural immunocytochemistry

Ultrathin sections (70-90 nm thick) were cut, collected on
Formvar-carbon-coated nickel grids and used for the immunocyto-
chemical analyses on the nuclei of the rectus femoris myofibers.

In order to evaluate the nuclear distribution of RNA processing
factors, longitudinally-cut sections of rectus femoris muscles were
incubated with the following probes: a mouse monoclonal anti-
body directed against the active phosphorylated form of RNA
polymerase II (diluted 1:10, Abcam, Cambridge, UK); rabbit poly-
clonal antibodies directed against nuclear actin, diluted 1:50
(Sigma-Aldrich, Milan, Italy), 5-mC, diluted 1:100 (GeneTex,
Irvine, CA, USA) and RNase A (the probe recognizes both active
and inactive form of the enzyme), diluted 1:100 (Abcam).
According to Cmarko et al.,'* the ultrathin sections were floated

[European Journal of Histochemistry 2021; 65:3229]



for 3 min on normal goat serum (NGS) diluted 1:100 in PBS and
then incubated at 4°C for 17 h with the primary antibodies diluted
in PBS containing 0.05% Tween 20 and 0.1% bovine serum albu-
min. After rinsing, the sections were floated on NGS, and incubat-
ed for 30 min at room temperature with the secondary gold-conju-
gated probes (Jackson Immuno Research Laboratories, West
Grove, PA, USA) diluted 1:20 in PBS. A goat anti-mouse antibody
conjugated with 6 nm gold grains and a goat anti-rabbit antibody
conjugated with 12 nm gold grains were used. As control, some
grids were incubated without the primary antibody and then pro-
cessed as described above.

Following to immunolabeling, sections were stained for 35
min at room temperature with Uranyl Less EM stain (Electron
Microscopy Sciences, Hatfield, PA, USA), followed by Reynolds’
lead citrate for 1 min to reduce the chromatin contrast and prefer-
entially reveal the ribonucleoprotein nuclear constituents.

In order to verify that RNA degradation is a co-transcriptional
process, a double immunolabeling was performed with antibodies
directed against RNA polymerase II and RNase A, followed by the
specific secondary antibodies conjugated with either 6 or 12 nm
gold, respectively. For the fine specific visualization of RNA in the
PFs, the sections were then floated onto 0.2 M terbium citrate for
30 min at room temperature, rapidly rinsed with water and dried.*
The samples were observed in a Philips Morgagni TEM operating
at 80kV and equipped with Megaview III camera for digital image
acquisition.

For nuclear actin, 5-mC and RNAse A, a semiquantitative
assessment of the immunolabeling was carried out by estimating
the gold grain density on selected nuclear compartments in sec-
tions of muscles from different mice treated in the same run. The
area of different nuclear compartments was measured using the
ImagelJ software (NIH) on 40 randomly selected nuclear micro-
graphs (x14,000) for each age group. The gold grains were count-
ed, and the labelling density was expressed as number of gold
grains/um?. The following nuclear compartments were considered:
condensed chromatin, nucleolus and interchromatin space
(obtained by subtracting the areas of both condensed chromatin
and nucleolus from the total area of the myonucleus). In eight
myonuclei from each age group, the percentage of the interchro-
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matin space immunolabelled for RNAse A occurring on IGs was
evaluated.

The background level for all antibodies was evaluated on sec-
tion areas devoid of tissue and proved to be negligible (see Figure
2 legend).

Statistical analysis

Data for each variable were pooled according to the age group
and presented as mean + standard error of the mean (SEM).
Statistical group-group comparison was performed with the Mann-
Whitney test setting statistical significance at alpha <0.05.

Results and Discussion

The myonuclei of old and late adult mice showed a similar
ultrastructural organization; instead, interesting differences were
observed in the distribution and density of the investigated nuclear
molecular factors.

Nuclear actin (Figure 1A) was found to locate on condensed
chromatin, in the interchromatin space (namely, on PFs and IGs)
and in the nucleolus at both ages, but the immunolabeling density
was significantly lower in myonuclei of old mice compared to late
adult animals for all the considered nuclear compartments (con-
densed chromatin, p<0.001; nucleolus, p<0.001; interchromatin
space, p<0.001) (Figure 2A). Nuclear actin is a motor protein
involved in several processes inclusive of movement and organiza-
tion of chromatin (reviewed in®). The decrease of nuclear actin on
condensed chromatin would thus support the hypothesis that aging
leads to alterations in chromatin structuring. Nuclear actin is also
involved in the regulation of mRNA and rRNA transcription and is
crucial in the active nuclear-to-cytoplasm transport of both mRNA
(reviewed in**) and pre-ribosomal subunits.3>3¢ Therefore, the sig-
nificantly lower amount of nuclear actin observed in the interchro-
matin space and nucleoli of old animals (Figure 2A) is consistent
with the previously shown reduction in transcriptional rate and
impairment of RNA export in the aged skeletal muscle.?>?* As for
the nucleolus, a previous study?' on myonuclei of old rats showed

Figure 1. Immunoelectron microscopy of myonuclei from late adult mice immunolabelled for nuclear actin (A), 5-mC (B) and RNase
A (C). All antibodies label perichromatin fibrils (arrows) in the interchromatin space and nucleolus (Nu). Note the labelling on the con-
densed chromatin clumps (asterisks) for nuclear actin and 5-mC (A, B). Cy, cytoplasm. Scale bars: 200 nm.
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a reduction in rRNA transcription and processing as indicated by
decrease of the dense fibrillar component?' where these processes
are known to take place.’’ In the same myonuclei, an increase in
the nucleolar granular component (where pre-ribosomes are stored
before being exported to the cytoplasm?®), suggests that ribosomal
subunits accumulate in the nucleolus. The lower amount of actin in
the myonuclei of old mice may thus be also indicative of an
impaired export of the ribosomal subunits in aging. Consistently,
using a biochemical fractionation strategy, Cutler et al. > observed
higher amount of ribosomal proteins in myonuclei isolated from
aged mice, despite the decrease in ribosome biogenesis found in
skeletal muscle of old mice by microarray analysis.*

The labelling for Sm-C occurred on condensed chromatin, the
interchromatin space (in particular on PFs) and the nucleolus
(Figure 1B). Quantitative evaluation of the immunolabeling
revealed similar densities of 5m-C on condensed chromatin
(p=0.43) and interchromatin space (p=0.14) of myonuclei from
late adult and old mice. On the contrary, 5Sm-C density was signif-
icantly lower in nucleoli of old vs. late adult mice (p<0.001)
(Figure 2B). According to current knowledge, 5-mC is mainly
involved in the regulation of gene transcription,® being generally
associated with transcriptional repression;* 5-mC may also occur
as an epigenetic modification in RNA,*#? acting as signal for the
mRNA export adaptor ALYREEF in the nucleus-to-cytoplasm trans-
ports of mature mRNA.*# Therefore, the 5-mC labelled PFs in the
interchromatin space likely contain mature mRNA ready to leave
the nucleus. The presence of 5-mC in silent rRNA genes seems to
protect from illicit recombination events that would promote loss
of rDNA.* The statistically significant decrease of 5m-C in nucle-
oli, thus, would make the rRNA genes in old mice more prone to
an age-dependent loss, as much as it occurs in murine spleen, brain
and liver® and in the human adipose tissue.* This event would be
also consistent with the decrease in ribosome biogenesis found in
the aged skeletal muscle.?

RNase A immunolabeling was found on condensed chromatin,
the interchromatin space (namely on PFs and IGs) and the nucleo-
lus (Figure 1C) in both groups of age. Quantitative evaluation
revealed that RNase A labelling density on condensed chromatin
was similar in late adult and old animals and increased at the limit
of statistical significance in the interchromatin space of old
myonuclei (p=0.069), whereas it was significantly lower in the
nucleolus of old vs. late adult mice (p<0.001) (Figure 2C). RNase
A, which is active in skeletal muscle,? is a general RNase that cat-
alyzes the cleavage of RNA on the 3’ side of pyrimidine
nucleotides.’? The presence of RNase A on condensed chromatin
suggests an action of this enzyme in this nuclear compartment
where RNA plays a direct role in the chromatin structural organi-
zation (reviewed in*). In the interchromatin space, the immunola-
beling for RNase A on IGs (where factors involved in mRNA tran-
scription and maturation are stored, assembled and modified!”)
were not statistically significant different in late adult and old mice
(10.77%+0.05 vs. 11.75%=+0.04, respectively). The tendency of
RNase A to increase in the interchromatin space of old mice could
be due to the accumulation of enzyme-containing PFs in the nuclei
of old animals.?? Interestingly, the co-presence of active RNA poly-
merase II and RNase A on the same PFs (Figure 3) in both late
adult and old mice suggests that mRNA degradation occurs co-
transcriptionally, as observed for the splicing and ending process-
ing of the mRNA.* RNase A is involved in the activation of IDNA
transcription in several cell types;™ thus, the statistically signifi-
cant lower amount of RNase A in the nucleoli of myonuclei from
old mice (Figure 2C) might (directly or indirectly) be related to an
age-dependent loss of rRNA genes as suggested by the decreased
immunolabeling for 5-mC. Alternatively, as already demonstrated
for other factors,’! it may be hypothesized that the nucleolus acts
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Figure 2. Immunolabeling density of nuclear actin (A), 5-mC (B),
RNase A (C) on condensed chromatin (Ch), nucleolus (Nu), inter-
chromatin space (IS) in myonuclei of late adult and old mice. The
histograms show the mean value + SEM of density expressed as
gold grains/pm?. Statistically significant differences (p<0.001) are
indicated by asterisk. Background density was negligible for all
probes (nuclear actin, 0.18 0.05; 5-mC, 0.45 + 0.03; RNase A,
0.39:0.08).

Figure 3. A,B) Transmission electron micrographs of myonuclei
from old mice double-immunolabelled for RNA polymerase II
(6nm gold grain) and RNase A (12nm gold grain), followed by
staining with terbium citrate. B) The RNA of the PFs was digi-
tally colored in red for ease of visualization. Scale bar: 50 nm.
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as a transit and storage site for RNase A during aging.>? In fact,
mass-spectrometry-based analyses revealed that numerous pro-
teins involved in functions other than ribosome biogenesis are pre-
sent in the nucleolus, strongly suggesting a multiple role for this
organelle,* with important implications in aging.°

In conclusion, the fine immunocytochemical analysis carried
out in this study provides novel information on the aging-associat-
ed changes in the amount of molecular factors involved in chro-
matin stability as well as transcription, processing and transport of
RNAs in myonuclei of old mice, shedding light on the mechanisms
underlying alterations of the cell nucleus during aging. In particu-
lar, the statistically significant decrease of nuclear actin strongly
supports impairment of mRNA transcription and nucleus-to-cyto-
plasm transport of mRNA and ribosomal subunits, while the
decrease of 5-mC and RNase A in nucleoli suggests an age-depen-
dent loss of rRNA genes. These nuclear dysfunctions may hinder
protein synthesis and impair the physiological balance between
protein anabolism and catabolism typical of the healthy skeletal
muscle tissue,** thus contributing to the onset and progression of
sarcopenia.
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